(19) 



J 



(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(43) Date of publication: 

16.04.2003 Bulletin 2003/16 



(51) lntC!7: G11B 5/66 



(H) EP 1 302 931 A1 

EUROPEAN PATENT APPLICATION 



(21) Application number: 02028936.9 

(22) Date of filing: 26.05.2000 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
MC NL PT SE 

Designated Extension States: 
AL LT LV MK RO 

(30) Priority: 08.06.1999 JP 16132999 

07.04.2000 JP 2000107075 

07.04.2000 JP 2000107071 

07.04.2000 JP 2000107076 

07.04.2000 JP 2000107074 

07.04.2000 JP 2000107072 

(62) Document number(s) of the earlier application(s) in 
accordance with Art. 76 EPC: 
00304517.6/1 059 629 

(71) Applicant: FUJITSU LIMITED 
Kawasaki-shi, Kanagawa 211-8588 (JP) 

(72) Inventors: 

• Abarra, E. Noel, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Okamoto, Iwao, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 



• Mizoshita, Yoshifumi, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Yoshida, Yuki, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Umeda, Hisashi, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Suzuki, Masaya, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Akimoto, Hideyuki, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Sato, Hisateru, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

• Kattsu, Isatake, c/oFujitsu Limited 
Kawasaki-shi, Kanagawa, 211-8588 (JP) 

(74) Representative: Fenlon, Christine Lesley et al 
Haseltine Lake & Co., 
imperial House, 
15-19 Kingsway 
London WC2B 6UD (GB) 

Remarks: 



This application was filed on 23 - 12 - 2002 as a 
divisional application to the application mentioned 
under INID code 62. 



(54) Magnetic recording medium 



CO 
O) 

CM 
O 
CO 



CL 
LU 



(57) A magnetic recording medium (30) comprising: 
a substrate (31); an underlayer (33) disposed above the 
substrate; and a magnetic recording layer (37, 35) dis- 
posed above the underlayer (33); characterized in that: 
said magnetic recording layer (37, 35) has a multi-layer 
structure which is separated into at least upper (37) and 
lower (35) layers by a non-magnetic separation layer 
(36); said non-magnetic separation layer (36) is made 
of a material selected from a group consisting of Ru, Rh, 
Ir and alloys thereof; and the upper (37) and lower (35) 
layers of the multi- layer structure (37, 35) separated by 
the non-magnetic separation layer (36) have magneti- 
zation directions which are mutually parallel. 
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Description 

[0001] The present invention generally relates to 
magnetic recording media, 

and more particularly to a magnetic recording me- 
dium 

suited for high-density recording. 
[0002] The recording density of longitudinal magnetic 
recording media, such as magnetic disks, has been in- 
creased considerably, due to the reduction of medium 
noise and the development of magnetoresistive and 
high-sensitivity spin-valve heads. A typical magnetic re- 
cording medium is comprised of a substrate, an under- 
layer, a magnetic layer, and a protection layer which are 
successively stacked in this order. The underlayer is 
made of Cr or a Cr-based alloy, and the magnetic layer 
is made of a Co-based alloy. 

[0003] Various methods have been proposed to re- 
duce the medium noise. For example, Okamoto et al., 
"Rigid Disk Medium For 5 Gbit/in 2 Recording", AB-3, In- 
termag '96 Digest, proposes decreasing the grain size 
and size distribution of the magnetic layer by reducing 
the magnetic layer thickness by the proper use of an 
underlayer made of CrMo, and U.S. Patent No. 
5,693,426 proposes the use of an underlayer made of 
NiAI. Further, Hosoe et al., "Experimental Study of Ther- 
mal Decay in High-Density Magnetic Recording Media", 
IEEE Trans. Magn. Vol.33, 1528 (1997), for example, 
proposes the use of an underlayer made of CrTiB. The 
underiayers described above also promote c-axis orien- 
tation of the magnetic layer in a plane which increases 
the remanent magnetization and the thermal stability of 
written bits. In addition, proposals have been made to 
reduce the thickness of the magnetic layer, to increase 
the resolution or to decrease the transition width be- 
tween written bits. Furthermore, proposals have been 
made to decrease the exchange coupling between 
grains by promoting more Cr segregation in the mag- 
netic layer which is made of CoCr-based alloy. 
[0004] However, as the grains of the magnetic layer 
become smaller and more magnetically isolated from 
each other, the written bits become unstable due to ther- 
mal activation and to demagnetizing fields which in- 
crease with linear density. Lu et al., "Thermal Instability 
at 1 0 Gbit/in 2 Magnetic Recording", IEEE Trans. Magn. 
Vol.30, 4230 (1994), demonstrated, by micromagnetic 
simulation, that exchange-decoupled grains having a di- 
ameter of 10 nm and ratio 1^/^—60 in 400 kfci di- 
bits are susceptible to significant thermal decay, where 
K v denotes the magnetic anisotropy constant, V de- 
notes the average magnetic grain volume, kg denotes 
the Boltzmann constant, and T denotes the tempera- 
ture. The ratio K u V/k B T is also referred to as a thermal 
stability factor. 

[0005] It has been reported in Abarra et al., "Thermal 
Stability of Narrow Track Bits in a 5 Gbit/in 2 Medium", 
IEEE Trans. Magn. Vol.33, 2995 (1997),that the pres- 
ence of intergranular exchange interaction stabilizes 



written bits, by MFM studies of annealed 200 kfci bits 
on a 5 Gbitfin 2 CoCrPtTa/CrMo medium. However, more 
grain decoupling is essential for recording densities of 
20 Gbit/in 2 or greater. 

5 [0006] The obvious solution has been to increase the 
magnetic anisotropy of the magnetic layer. But unfortu- 
nately, the increased magnetic anisotropy places a 
great demand on the head write field which degrades 
the "overwrite" performance which is the ability to write 

10 over previously written data. 

[0007] In addition, the coercivity of thermally unstable 
magnetic recording media increases rapidly with de- 
creasing switching time, as reported in He et al., "High 
Speed Switching in Magnetic Recording Media", J. 

15 Magn. Magn. Mater. Vol.155, 6 (1996), for magnetic 
tape media, and in J. H. Richter, "Dynamic Coervicity 
Effects in Thin Film Media", IEEE Trans. Magn. Vol.34, 
1540 (1997), for magnetic disk media. Consequently, 
the adverse effects are introduced in the data rate, that 

20 is how fast data can be written on the magnetic layer 
and the amount of head field required to reverse the 
magnetic grains. 

[0008] On the other hand, another proposed method 
of improving the thermal stability increases the orienta- 
ls tion ratio of the magnetic layer, by appropriately textur- 
ing the substrate underthe magnetic layer For example, 
Akimoto et al., "Relationship Between Magnetic Circum- 
ferential Orientation and Magnetic Thermal Stability", J. 
Magn. Magn. Mater, vol.193, pp. 240-242(1 999), in 
30 press, report, through micromagnetic simulation, that 
the effective ratio K u V/k B T is enhanced by a slight in- 
crease in the orientation ratio. This further results in a 
weaker time dependence for the coercivity which im- 
proves the overwrite performance of the magnetic re- 
35 cording medium, as reported in Abarra et al., 'The Effect 
of Orientation Ratio on the Dynamic Coercivity of Media 
for >1 5 Gbit/in 2 Recording", IEEE Trans. Magn. vol.35, 
pp.2709-2711, 1999. 

[0009] Furthermore, keepered magnetic recording 

40 media have been proposed for thermal stability im- 
provement. The keeper layer is made up of a magneti- 
cally soft layer parallel to the magnetic layer. This soft 
layer can be disposed above or below the magnetic lay- 
er. Oftentimes, a Cr isolation layer is interposed be- 

45 tween the soft layer and the magnetic layer. The soft 
layer reduces the demagnetizing fields in written bits on 
the magnetic layer. However, coupling the magnetic lay- 
er to a continuously-exchanged coupled soft layer de- 
feats the purpose of decoupling the grains of the mag- 

50 netic layer. As a result, the medium noise increases. 
[0010] Various methods have been proposed to im- 
prove the thermal stability and to reduce the medium 
noise. However, the proposed methods do not provide 
a considerable improvement of the thermal stability of 

55 written bits, thereby making it difficult to greatly reduce 
the medium noise. In addition, some of the proposed 
methods introduce adverse effects on the performance 
of the magnetic recording medium due to the measures 
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taken to reduce the medium noise. 
[001 1 ] More particularly, in order to obtain a thermally 
stable performance of the magnetic recording medium, 
it is conceivable to (i) increase the magnetic anisotropy 
constant K u , (ii) decrease the temperature T or, (iii) in- 5 
crease the grain volume V of the magnetic layer. How- 
ever, measure (i) increases the coercivity, thereby mak- 
ing it more difficult to write information on the magnetic 
layer. In addition, measure (ii) is impractical since in 
magnetic disk drives, for example, the operating tern- io 
perature may become greater than 60° C. Furthermore, 
measure (iii) increases the medium noise as described 
above. As an alternative for measure (iii), it is conceiv- 
able to increase the thickness of the magnetic layer, but 
this would lead to deterioration of the resolution. *5 
[0012] Accordingly, it is desirable to provide a mag- 
netic recording medium in which the thermal stability of 
written bits can be improved without increasing the me- 
dium noise, so as to enable reliable high-density record- 
ing without introducing adverse effects on the perform- 20 
ance of the magnetic recording medium, that is, unnec- 
essarily increasing the magnetic anisotropy. 
[001 3] According to the present invention there is pro- 
vided a magnetic recording medium comprising: 

a substrate ; 

an underlayer disposed above the substrate; and 
a magnetic recording layer disposed above the 
underlayer ; 

30 

characterized in that: 

said magnetic recording layer has a mufti-layer 
structure which is separated into at least upper and 
lower layers by a non-magnetic separation layer ; 35 
said non-magnetic separation layer is made of a 
material selected from a group consisting of Ru, Rh, 
Ir and alloys thereof; and 

the upper and lower layers of the multi-layer struc- 
ture separated by the non-magnetic separation lay- 40 
er have magnetization directions which are mutual- 
ly parallel. 

[0014] According to the magnetic recording medium 
of the present invention, the non-magnetic separation 45 
layer which is made of Ru or the like and has a prede- 
termined thickness maintains the magnetic coupling of 
magnetic recording layers above and below the non- 
magnetic separation layer to a mutually parallel state. 
Hence, it is possible to realize a magnetic recording me- 50 
dium having low noise and desired thermal stability. 
Compared to the conventional magnetic recording me- 
dium, this magnetic recording medium has a high relia- 
bility and is suited for high-density recording. 
[001 5] Reference will now be made, by way of exam- 55 
pie, to the accompanying drawings, in which: 

FIG. 1 is a cross sectional view showing an impor- 



tant part of a first example of a magnetic recording 
medium not embodying the present invention; 
FIG. 2 is a cross sectional view showing an impor- 
tant part of a second example of a magnetic record- 
ing medium not embodying the present invention; 
FIG. 3 is a diagram showing an in-plane magneti- 
zation curve of a single CoPt layer having a thick- 
ness of 10 nm on a Si substrate; 
FIG. 4 is a diagram showing an in-plane magneti- 
zation curve of two CoPt layers separated by a Ru 
layer having a thickness of 0.8 nm; 
FIG. 5 is a diagram showing an in-plane magneti- 
zation curve of two CoPt layers separated by a Ru 
layer having a thickness of 1 .4 nm; 
FIG. 6 is a diagram showing an in-plane magneti- 
zation curve of two CoCrPt layers separated by a 
Ru having a thickness of 0.8 nm; 
FIG. 7 is a cross sectional view showing an impor- 
tant part of a magnetic storage apparatus; 
FIG. 8 is a plan view showing the important part of 
the magnetic storage apparatus; 
FIG. 9 is a diagram showing an in-plane magneti- 
zation curve for a magnetic recording medium hav- 
ing a single CoCrPtB layer grown on a NiAl layer on 
glass; 

FIG. 10 is a diagram showing an in-plane magnet- 
ization curve for a magnetic recording medium hav- 
ing two ferromagnetic layers of CoCrPtB separated, 
by a Ru layer having a thickness of 0.8 nm on a NiP 
coated Al-Mg substrate; 

FIG. 11 is a diagram showing an in-plane magneti- 
zation curve for a magnetic recording medium hav- 
ing two ferromagnetic layers of CoCrPtB separated 
by a Ru layer on a NiP coated Al substrate; 
FIG. 12 is a diagram showing an in-plane magnet- 
ization curve for a magnetic recording medium hav- 
ing three ferromagnetic layers of CoCrPtB separat- 
ed by a Ru layer between each two adjacent 
CoCrPtB layers on a NiP coated Al substrate; 
FIG. 13 is a diagram showing an in-plane magnet- 
ization curve for a magnetic recording medium hav- 
ing two negatively coupled ferromagnetic layers of 
CoCrPtB separated by a Ru layer, on a NiAl coated 
glass substrate; 

FIG. 14 is a diagram showing an in-plane magnet- 
ization curve shown in FIG. 13 in comparison with 
a magnetic recording medium having a single fer- 
romagnetic layer of CoCrPtB on a NiAl coated glass 
substrate; 

FIG. 15 is a diagram showing signal decays of the 
magnetic recording media having two and three fer- 
romagnetic layers, in comparison with a signal de- 
cay of the magnetic recording medium having the 
single ferromagnetic layer; 

FIG. 16 is a diagram showing M-H curves of the 
magnetic recording medium having the two nega- 
tively coupled ferromagnetic layers at different tem- 
peratures; 
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FIG. 1 7 is a diagram showing the temperature de- 
pendence of the coercivity for the magnetic record- 
ing medium having the characteristics shown in 
FIG. 16; 

FIG. 18 is a diagram showing the PW50 depend- 
ence on the effective and total ferromagnetic layer 
thickness of the magnetic recording media having 
one, two and three ferromagnetic layers; 
FIG. 1 9 is a diagram showing the effective thickness 
dependence of the change in isolated wave medium 
SNR; 

FIG. 20 is a cross sectional view showing an impor- 
tant part of an embodiment of the magnetic record- 
ing medium according to the present invention; 
FIG. 21 is a diagram showing the relationship of a 
ratio Siso/Nm of the isolated wave output (Siso) and 
medium noise (Nm) of the embodiment of the mag- 
netic recording medium and the thickness of a Ru 
non-magnetic separation layer; 
FIG. 22 is a diagram showing the relationship of a 
thickness ratio of first and second magnetic record- 
ing layers and the ratio Siso/Nm of the isolated 
wave output (Siso) and medium noise (Nm); and 
FIG. 23 is a diagram showing the relationship of the 
thickness ratio of the first and second magnetic re- 
cording layers and a ratio S/Nt of an output (S) and 
noise (Nt). 

[0016] S. S. P. Parkin, "Systematic Variation of the 
Strength and Oscillation Period of Indirect Magnetic Ex- 
change Coupling through the 3d : 4d, and 5d Transition 
Metals", Phys. Rev. Lett. Vol.67, 3598 (1 991 ) describes 
several magnetic transition metals such as Co, Fe and 
Ni that are coupled through thin non-magnetic interlay- 
ers such as Ru and Rh. On the other hand, U.S. Patent 
No.5.701 .223 proposes a spin-valve which employs the 
above described layers as laminated pinning layers to 
stabilize the sensor. 

[0017] For a particular Ru or Ir layer thickness be- 
tween two ferromagnetic layers, the magnetizations can 
be made parallel orantiparallel. For example, for a struc- 
ture made up of two ferromagnetic layers of different 
thickness with antiparallel magnetizations, the effective 
grain size of a magnetic recording medium can be in- 
creased without significantly affecting the resolution. A 
signal amplitude reproduced from such a magnetic re- 
cording medium is reduced due to the opposite magnet- 
izations, but this can be rectified by adding another layer 
of appropriate thickness and magnetization direction, 
underthe laminated magnetic layer structure, to thereby 
cancel the effect of one of the layers. As a result, it is 
possible to increase the signal amplitude reproduced 
from the magnetic recording medium, and to also in- 
crease the effective grain volume. Thermally stable writ- 
ten bits can therefore be realized. 
[0018] The thermal stability of written bits may be in- 
creased by exchange coupling the magnetic layer to an- 
other ferromagnetic layer with an opposite magnetiza- 



tion or by a laminated ferrimagnetic structure. The fer- 
romagnetic layer or the laminated ferrimagnetic struc- 
ture is made up of exchange-decoupled grains as the 
magnetic layer. In other words, the present invention us- 
5 es an exchange pinning ferromagnetic layer or a fer- 
rimagnetic multilayer to improve the thermal stability 
performance of the magnetic recording medium. 
[0019] FIG. 1 is a cross sectional view showing an im- 
portant part of a first example of a magnetic recording 
10 medium which does not embody the present invention, 
but which is useful in understanding it. 
[0020] The magnetic recording medium includes a 
non-magnetic substrate 1 , a first seed layer 2, a NiP lay- 
er 3, a second seed layer 4, an underlayer 5, a non- 
*s magnetic intermediate layer 6, a ferromagnetic layer 7, 
a non-magnetic coupling layer 8, a magnetic layer 9, a 
protection layer 10, and a lubricant layer 11 which are 
stacked in the order shown in FIG. 1 . 
[0021] For example, the non-magnetic substrate 1 is 
20 made of Al, Al alloy or glass. This non-magnetic sub- 
strate 1 may or may not be mechanically textured. The 
first seed layer 2 is made of Cr or Ti, for example, espe- 
cially in the case where the non-magnetic substrate 1 is 
made of glass. The NiP layer 3 is preferably oxidized 
25 and may or may not be mechanically textured. The sec- 
ond seed layer 4 is provided to promote a (001) or a 
(112) texture of the underiayer 5 when using a B2 struc- 
ture alloy such as NiAl and FeAl for the underlayer 5. 
The second seed layer 4 is made of an appropriate ma- 
30 terial similar to that of the first seed layer 2. 

[0022] In a case where the magnetic recording medi- 
um is a magnetic disk, the mechanical texturing provid- 
ed on the non-magnetic substrate 1 or the NiP layer 3 
is made in a circumferential direction of the disk, that is, 
in a direction in which tracks of the disk extend. 
[0023] The non-magnetic intermediate layer 6 is pro- 
vided to further promote epitaxy, narrow the grain distri- 
bution of the magnetic layer 9, and orient the anisotropy 
axes of the magnetic layer 9 along a plane parallel to 
the recording surface of the magnetic recording medi- 
um. This non-magnetic intermediate layer 6 is made of 
a hep structure alloy such as CoCr-M, where M = B, Mo, 
Nb, Ta, W, Cu or alloys thereof, and has a thickness in 
a range of 1 to 5 nm. 

[0024] The ferromagnetic layer 7 is made of Co, Ni, 
Fe, Co-based alloy, Ni-based alloy, Fe-based alloy or 
the like. In other words, alloys such as CoCrTa, CoCrPt 
and CoCrPt-M, where M = B, Mo, Nb, Ta, W, Cu or alloys 
thereof may be used for the ferromagnetic layer 7. This 
ferromagnetic layer 7 has a thickness in a range of 2 to 
10 nm. The non-coupling magnetic layer 8 is made of 
Ru, Ir, Rh, Cr, Cu, Ru-based alloy, Ir-based alloy, Rh- 
based alloy, Cu-based alloy, Cr-based alloy or the like. 
This non-magnetic coupling layer 8 preferably has a 
thickness in a range of 0.4 to 1 .0 nm for antiparallel cou- 
pling using Ru, and preferably of the order of approxi- 
mately 0.6 to 0.8 nm for an antiparallel coupling using 
Ru. For this particular thickness range of the non-mag- 
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netic coupling layer 8, the magnetizations of the ferro- 
magnetic layer 7 and the magnetic layer 9 are antipar- 
allel. The ferromagnetic layer 7 and the non-magnetic 
coupling layer 8 form an exchange layer structure. 
[0025] For a ferromagnetic layer 7 made of a Fe- 
based alloy, Cr forms a better non-magnetic coupling 
layer 8. In this case, the Cr non-magnetic coupling layer 
8 has an optimum thickness of approximately 1 .8 nm. 
[0026] The magnetic layer 9 is made of Co or a Co- 
based alloy such as CoCrTa, CoCrPt and CoCrPt-M, 
where M = B, Mo, Nb, Ta, W, Cu or alloys thereof. The 
magnetic layer 9 has a thickness in a range of 5 to 30 
nm. Of course, the magnetic layer 9 is not limited to a 
single-layer structure, and a multi-layer structure may 
be used for the magnetic layer 9. 
[0027] The protection layer 10 is made of C, for ex- 
ample. In addition, the lubricant layer 11 is made of an 
organic lubricant, for example, for use with a magnetic 
transducer such as a spin-valve head. The protection 
layer 1 0 and the lubricant layer 1 1 form a protection layer 
structure on the recording surface of the magnetic re- 
cording medium. 

[0028] Obviously, the layer structure under the ex- 
change layer structure is not limited to that shown in FIG. 
1 . For example., the underiayer 5 may be made of Cr or 
Cr-based alloy and formed to a thickness in a range of 
5 to 40 nm on the substrate 1, and the exchange layer 
structure may be provided on this undertayer 5. 
[0029] Next a description will be given with reference 
to Fig. 2 of a second example of a magnetic recording 
medium which does not embody the present invention, 
but which is useful in understanding it. 
[0030] In FIG. 2, those parts which are the same as 
those corresponding parts in FIG. 2 are designated by 
the same reference numerals, and a description thereof 
will be omitted. 

[0031 ] In this second example of the magnetic record- 
ing medium, the exchange layer structure includes two 
non-magnetic coupling layers 8 and 8-1 , and two ferro- 
magnetic layers 7 and 7-1 , which form a ferrimagnetic 
multilayer. This arrangement increases the effective 
magnetization and signal, since the magnetizations of 
the two non-magnetic coupling layers 8 and 8-1 cancel 
each other instead of a portion of the magnetic layer 9. 
As a result, the grain volume and thermaLstabtlity of 
magnetization of the magnetic layer 9 are effectively in- 
creased. More bilayer structures made up of the pair of 
ferromagnetic layer and non-magnetic coupling layer 
may be provided additionally to increase the effective 
grain volume, as long as the easy axis of magnetization 
is appropriately oriented for the subsequently provided 
layers. 

[0032] The ferromagnetic layer 7-1 is made of a ma- 
terial similar to that of ferromagnetic layer 7, and has a 
thickness range selected similarly to the ferromagnetic 
layer 7. In addition, the non-magnetic coupling layer 8-1 
is made of a material similar to that of the non-magnetic 
coupling layer 8, and has a thickness range selected 



similarly to the non-magnetic coupling layer 8. Within the 
ferromagnetic layers 7-1 and 7, the c-axes are prefera- 
bly in-plane and the grain growth columnar. 
[0033] In this example , the magnetic anisotropy of 

5 the ferromagnetic layer 7-1 is preferably higher than that 
of the ferromagnetic layer 7. However, the magnetic an- 
isotropy of the ferromagnetic layer 7-1 may be the same 
as or be higher than that of, the magnetic layer 9. 
[0034] Furthermore, a remanent magnetization and 

10 thickness product of the ferromagnetic layer 7 may be 
smaller than that of the ferromagnetic layer 7-1 . 
[0035] FIG. 3 is a diagram showing an in-plane mag- 
netization curve of a single CoPt layer having a thick- 
ness of 10 nm on a Si substrate. In FIG. 3, the ordinate 

15 indicates the magnetization ( A), and the abscissa indi- 
cates the magnetic field (A/m). Conventional magnetic 
recording media show a behavior similar to that shown 
in FIG. 3. 

[0036] FIG. 4 is a diagram showing an in-plane mag- 
20 netization curve of two CoPt layers separated by a Ru 
layer having a thickness of 0.8 nm, as in the case of the 
first embodiment of the magnetic recording medium, in 
FIG. 4, the ordinate indicates the magnetization (Tesla), 
and the abscissa indicates the magnetic field (A/m). As 
25 may be seen from FIG. 4, the loop shows shifts near the 
magnetic field which indicate the antiparallel coupling. 
[0037] FIG. 5 is a diagram showing an in-plane mag- 
netization curve of two CoPt layers separated by a Ru 
layer having a thickness of 1.4 nm. In FIG. 5, the ordi- 
30 nate indicates the magnetization ( A ), and the abscissa 
indicates the magnetic field (A/m). As may be seen from 
FIG. 5, the magnetizations of the two CoPt layers are 
parallel. 

[0038] FIG. 6 is a diagram showing an in-plane mag- 
35 netization curve for two CoCrPt layers separated by a 
Ru having a thickness of 0.8 nm, as in the case of the 
second embodiment of the magnetic recording medium. 
In FIG. 6, the ordinate indicates the magnetization (emu/ 
cc), and the abscissa indicates the field (Oe). As may 
40 be seen from FIG. 6, the loop shows shifts near the field 
which indicate the antiparallel coupling. In FIG. 6 and 
following Figures, 1emu/cc = 1 .OE+07Anrr 3 and 10e = 
79. 58 A/m. 

[0039] From FIGS. 3 and 4, it may be seen that the 
45 antiparallel coupling can be obtained by the provision of 
the exchange layer structure. In addition, it may be seen 
by comparing FIG. 5 with FIGS. 4 and 6 that the non- 
magnetic coupling layer 8 is desirably in the range of 0.4 
to 1 .0 nm in order to achieve the antiparallel coupling. 
50 [0040] Therefore, according to the first and second 
examples described above, it is possible to effectively 
increase the apparent grain volume of the magnetic lay- 
er by the exchange coupling provided between the mag- 
netic layer and the ferromagnetic layer via the non-mag- 
55 netic coupling layer, without sacrificing the resolution. In 
other words, the apparent thickness of the magnetic lay- 
er is increased with regard to the grain volume of the 
magnetic layer so that a thermally stable medium can 
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be obtained, and in addition, the effective thickness of 
the magnetic layer is maintained since cancellation of 
signals especially from the bottom layers is achieved. 
This allows higher linear density recording that is other- 
wise not possible for thick media. As a result, it is pos- s 
sible to obtain a magnetic recording medium with re- 
duced medium noise and thermally stable performance. 
[0041] Next, a description will be given of magnetic 
storage apparatus, by referring to FIGS. 7 and 8. FIG. 
7 is a cross sectional view showing an important part of 10 
this magnetic storage apparatus, and FIG. 8 is a plan 
view showing the important part of this magnetic storage 
apparatus. 

[0042] As shown in FIGS. 7 and 8, the magnetic stor- 
age apparatus generally includes a housing 1 3. A motor is 
1 4, a hub 1 5, a plurality of magnetic recording media 1 6, 
a plurality of recording and reproducing heads 1 7, a plu- 
rality of suspensions 18, a plurality of arms 19, and an 
actuator unit 20 are provided within the housing 1 3. The 
magnetic recording media 16 are mounted on the hub 20 
15 which is rotated by the motor 14. The recording and 
reproducing head 17 is made up of a reproducing head 
such as a MR orGMR head, and a recording head such 
as an inductive head. Each recording and reproducing 
head 1 7 is mounted on the tip end of a corresponding 25 
arm 19 via the suspension 18. The arms 19 are moved 
by the actuator unit 20. The basic construction of this 
magnetic storage apparatus is known, and a detailed 
description thereof will be omitted in this specification. 
[0043] This magnetic storage apparatus is character- 30 
ized by the magnetic recording media 1 6. Each magnet- 
ic recording medium 16 has the structure of the first or 
second embodiment of the magnetic recording medium 
described above in conjunction with FIGS. 1 and 2. Of 
course, the number of magnetic recording media 16 is 35 
not limited to three, and only one, two or four or more 
magnetic recording media 1 6 may be provided. Further, 
each magnetic recording medium 16 may have the 
structure of any of the embodiments of the magnetic re- 
cording medium which will be described later. 40 
[0044] The basic construction of the magnetic storage 
unit is not limited to that shown in FIGS. 7 and 8. In ad- 
dition, the magnetic recording medium used in the 
present invention is not limited to a magnetic disk. 
[0045] Next, a description will be given of further fea- *s 
tures of the present invention, in comparison with the 
conventional magnetic recording medium having no ex- 
change layer structure. In the following description, the 
ferromagnetic layer of the exchange layer structure and 
the magnetic layer will also be referred to as ferromag- 50 
netic layers forming a magnetic layer structure. 
[0046] FIG. 9 is a diagram showing an in-plane mag- 
netization curve for a magnetic recording medium hav- 
ing a single layer of CoCrPtB grown on a NiAl layer on 
glass. In FIG. 9, the ordinate indicates the magnetization 55 
M (emu/cc), and the abscissa indicates the magnetic 
field H (Oe). Similar M-H curves are observed for a sin- 
gle Co-based layer grown on a Cr underlayer on NiP 



coated Al substrate or NiP coated glass substrate. 
[0047] On the other hand, FIG. 1 0 is a diagram show- 
ing an in-plane magnetization curve for a magnetic re- 
cording medium having two ferromagnetic layers of 
CoCrPtB separated by a Ru layer having a thickness of 
0.8 nm, sputtered on a NiP coated Al-Mg substrate. In 
FIG. 10, the ordinate indicates the magnetization M 
(emu/cc), and the abscissa indicates the magnetic field 
H (Oe). As may be seen from FIG. 1 0, the magnetization 
M abruptly decreases when the magnetic field H is 
around H=500 Oe which indicates an exchange cou- 
pling field of approximately 1 000 Oe. The reduced mag- 
netization M at H=0 evidences the anti-parallel coupling. 
[0048] The optimum Ru thickness for the negative 
coupling can be determined not only by magnetometry 
but also by spin stand methods. The reproduced signal 
at low densities gives an indication of a remanent mag- 
netization and thickness product Mr 6, where Mr de- 
notes the remanent magnetization and 6 denotes the ef- 
fective thickness of the CoCrPtB layer, that is the ferro- 
magnetic layer of the magnetic layer structure. If the Ru 
thickness is varied while the thicknesses of the two 
CoCrPtB layers are maintained constant, the repro- 
duced signal shows a dip at the optimum Ru thickness. 
The optimum Ru thickness may depend on the magnetic 
materials and the processing used to form the ferromag- 
netic layers of the magnetic layer structure. ForCoCrPt- 
based alloys manufactured above 150°C, the antiparal- 
lel coupling is induced for the Ru thickness in a range 
of approximately 0.4 to 1 .0 nm. 

[0049] FIG. 11 is a diagram showing an in-plane mag- 
netization curve for a magnetic recording medium hav- 
ing two ferromagnetic layers of CoCrPtB separated by 
a Ru layer, on a NiP coated Al substrate. In FIG. 1 1 , the 
ordinate indicates the magnetization M (emu/cc), and 
the abscissa indicates the magnetic field H (Oe). FIG. 
11 shows a case where a first CoCrPtB layer closer to 
the substrate is 8 nm thick, the Ru layer is 0.8 nm thick, 
and a second CoCrPtB layer further away from the sub- 
strate is 20 nm thick. 

[0050] In this case, antiparallel coupling is observed 
but at higher negative magnetic fields. Unless the de- 
magnetizing fields inside bits are very high, the antipar- 
allel coupling is not completely achieved and very high 
reproduced signals are observed as the magnetizations 
in both the first and second CoCrPtB layers point in es- 
sentially the same direction. It is therefore necessary to 
reduce the coercivity He of the first CoCrPtB layer by 
reducing the thickness thereof or, by use of composi- 
tions which result in a lower coercivity He. For CoCrPt- 
based materials, the latter is usually achieved by in- 
creasing the Cr content and/or reducing the Pt content. 
[0051 ] FIG . 1 2 is a diagram showing an in-plane mag- 
netization curve for a magnetic recording medium hav- 
ing three ferromagnetic layers of CoCrPtB separated by 
a Ru layer between each two adjacent CoCrPtB layers, 
on a NiP coated Al substrate. In FIG. 12, the ordinate 
indicates the magnetization M (emu/cc), and the abscis- 
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sa indicates the magnetic field H (Oe). FIG. 12 shows a 
case where first and second CoCrPtB layers closer to 
the substrate are 6 nm thick, a top third CoCrPtB layer 
is 20 nm thick, and the Ru layers between the first and 
second CoCrPtB layers and between the second and 5 
third CoCrPtB layers respectively are 0.8 nm thick. In 
this case, the magnetization M drops when the magnetic 
field H is H=500 Oe, which indicates that one of the first 
through third CoCrPtB layers reversed magnetization at 
positive fields. It is likely the middle second CoCrPtB 10 
layer which reversed magnetization since this middle 
second CoCrPtB layer is subject to a stronger reversing 
field due to the two interfaces. The interlayer interaction 
is therefore 500 Oe greater than the coercivity He of the 
middle second CoCrPtB layer. is 
[0052] However, at low negative magnetic fields, the 
bottom first CoCrPtB layer starts reversing magnetiza- 
tion, such that at approximately -1 000 Oe : the magnet- 
ization of only the top third CoCrPtB layer is not re- 
versed. Preferably, the bottom first CoCrPtB layer 20 
should not reverse magnetization at magnetic fields 
which are low compared to the demagnetizing fields in- 
side bits, and this may be achieved for example by 
choosing the proper thickness and/or composition for 
the bottom first CoCrPtB layer. A magnetic recording 25 
medium which has these three ferromagnetic layers 
tends to have read-write performance which is better 
than a magnetic recording medium which only has a sin- 
gle ferromagnetic (magnetic) layer with no exchange 
coupling. There is a possibility that the reproduced sig- 30 
nal will be reduced with time as more grains change lay- 
er magnetization configuration from parallel to antipar- 
allel which is more stable. However, a solitary wave me- 
dia signal-to-noise ratio (SNR) Siso/Nm of the magnetic 
recording medium is expected to be maintained since 35 
the medium noise level is also correspondingly reduced. 
Hence, the bit error rate (BER) which is intimately relat- 
ed to the isolated wave medium SNR Siso/Nm will not 
be degraded. 

[0053] FIG. 1 3 is a diagram showing an in-plane mag- 40 
netization curve for a magnetic recording medium hav- 
ing two negatively coupled ferromagnetic layers of 
CoCrPtB separated by a Ru layer on a NiAl coated 
glass substrate. In FIG. 13, the ordinate indicates the 
magnetization M (emu/cc), and the abscissa indicates 45 
the magnetic field H (Oe). As shown in FIG. 13, the bot- 
tom CoCrPtB layer closer to the substrate reverses 
magnetization even before the magnetic field H be- 
comes H=0 Oe. 

[0054] FIG. 1 4 is a diagram showing an in-plane mag- so 
netization curve shown in FIG. 13 in comparison with a 
magnetic recording medium having a single ferromag- 
netic layer of CoCrPtB on a NiAl coated glass substrate 
fabricated similarly to the recording medium having the 
two negatively coupled ferromagnetic layers. In FIG. 14, 55 
the ordinate indicates the magnetization M (emu/cc), 
and the abscissa indicates the magnetic field H (Oe). In 
FIG. 1 4. the in-plane magnetization curve shown in FIG. 



13 is indicated by a solid line, and an in-plane magnet- 
ization curve for the recording medium with the single 
ferromagnetic layer is indicated by a dashed line. In FIG. 
14, the saturation magnetization is normalized so as to 
illustrate the similarity of the M-H curve portions relevant 
to the magnetic recording. 

[0055] When a head saturates a portion of the mag- 
netic recording medium having the two negatively cou- 
pled ferromagnetic layers, the magnetization of both the 
two ferromagnetic layers is in the head field direction, 
but as soon as the head field is no longer applied, the 
bottom ferromagnetic layer reverses magnetization and 
the situation inside a bit would be similar to that of the 
magnetic recording medium having the single ferromag- 
netic layer. A read head only senses the resultant mag- 
netization. A person skilled in the art can therefore tune 
the thickness, composition and processing of the ferro- 
magnetic layers, so that the magnetic recording medium 
behaves similarly to the conventional magnetic record- 
ing medium but with an enhanced thermal stability. 
[0056] FIG. 1 5 is a diagram showing signal decays of 
magnetic recording media having two and three ferro- 
magnetic layers, in comparison with a signal decay of a 
magnetic recording medium having the single ferromag- 
netic layer. In FIG. 15, the ordinate indicates the signal 
decay (dB) of the reproduced signal for 207 kfci bits, and 
the abscissa indicates the time (s). In FIG. 15, 0 indi- 
cates the data of the magnetic recording medium having 
the single CoCrPtB layer which is 10 nm thick, • indi- 
cates the data of the magnetic recording medium having 
the bottom first CoCrPtB layer which is 1 0 nm thick, the 
Ru layer which is 0.8 nm thick and the top second 
CoCrPtB layer which is 4 nm thick, and □ indicates the 
data of the magnetic recording medium having the bot- 
tom first CoCrPtB layer which is 1 0 nm thick, the first Ru 
layer which is 0.8 nm thick, the middle CoCrPtB layer 
which is 4 nm thick, the second Ru layer which is 0.8 
nm thick and the top. third CoCrPtB layer which is 4 nm 
thick. The ferromagnetic layer compositions are all the 
same, and the coercivity He measured with a Kerr mag- 
netometer are approximately 2700 Oe (214.8 kA/m) and 
are similar. As may be seen from FIG. 15. the magnetic 
recording media having two ferromagnetic layers and 
three ferromagnetic layers show more thermally stable 
characteristics as the effective volume is increased, as 
compared to the magnetic recording medium having the 
single ferromagnetic layer and no exchange coupling. 
[0057] FIG. 1 6 is a diagram showing M-H curves of a 
magnetic recording medium having the two negatively 
coupled ferromagnetic layers at different temperatures. 
In FIG. 16, the ordinate indicates the magnetization M 
(emu/cc), the abscissa indicates the magnetic field H 
(Oe), and the data are shown for three different temper- 
atures which are 0*C, 25°C and 75°C. A strong negative 
coupling is observed over a wide temperature range, 
and covers the range useful for magnetic recording me- 
dia such as disks and tapes. 

[0058] FIG. 1 7 is a diagram showing the temperature 
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dependence of the coercivity for the magnetic recording 
medium having the characteristics shown in FIG. 1 6. In 
FIG. 17, the ordinate indicates the coercivity He (Oe), 
and the abscissa indicates the measured temperature 
(°C). In addition, y=Hc and x=temperature in the expres- 
sion y=-1 5.47x4-401 9.7. The coercivity changes with 
temperature dHc/dT=15.5 Oe/°C and is less than that 
of the magnetic recording medium having the single fer- 
romagnetic layer. A typical dHc/dT for the magnetic re- 
cording medium having the single ferromagnetic layer 
is 16 to 17 Oe/°C. Accordingly, it may be clearly seen 
that the improved dHc/dT value obtained for the mag- 
netic recording medium having the two negatively cou- 
pled ferromagnetic layers primarily arises from the in- 
creased effective volume. 

[0059] FIG. 18 is a diagram showing the PW50 de- 
pendence on the effective and total ferromagnetic layer 
thickness of the magnetic recording media having two 
and three ferromagnetic layers, in comparison with the 
PW50 dependence on the effective and total ferromag- 
netic layer thickness of the magnetic recording medium 
having the single ferromagnetic layer. In FIG. 1 8, the or- 
dinate indicates the PW50 (ns), and the abscissa indi- 
cates the effective and total ferromagnetic layer thick- 
ness (nm). In FIG. 18, ♦ indicates the data of the mag- 
netic recording medium having the single ferromagnetic 
layer. ■ indicates the data of the magnetic recording me- 
dium having two exchange-coupled ferromagnetic lay- 
ers, and A indicates the data of the magnetic recording 
medium having three exchange-coupled ferromagnetic 
layers. The thickness and composition of the ferromag- 
netic layers are basically the same as those used to ob- 
tain the data shown in FIG. 15. For the data on the left 
side along the solid line : the thickness used is the effec- 
tive thickness, that is magnetization cancellation due to 
an antiparallel configuration is assumed. Significant cor- 
relation is observed validating the assumption. When 
the total thickness of the ferromagnetic layer or layers 
is used, the data shifts to the right along the dotted line, 
which give unreasonably small PW50 values for the 
thicknesses involved when compared to those of the 
magnetic recording medium having the single ferromag- 
netic layer. 

[0060] Therefore, although the writing resolution may 
be degraded due to the increased media thickness, the 
reading resolution is not, since cancellation of the sig- 
nals from the lower layers occurs which may also ex- 
plain the improved isolated wave medium SNR Siso/Nm 
over the magnetic recording medium having the single 
ferromagnetic layer. The isolated wave medium SNR 
Siso/Nm of the magnetic recording medium having the 
two exchange-coupled ferromagnetic layers and very 
low effective Mr 8 is especially improved over that of the 
magnetic recording medium having the single ferromag- 
netic layer. Such a very low effective Mr 5 can be 
achieved when the two ferromagnetic layers have al- 
most the same Mr 5. Forthe magnetic recording medium 
having the three exchange-coupled ferromagnetic lay- 



ers, the performance is enhanced when the sum of the 
thicknesses of the bottom first and middle second ferro- 
magnetic layers is not so different from the thickness of 
the top third ferromagnetic layer. This phenomenon is 
5 consistent with a similar phenomenon which occurs in 
double uncoupled layers since the best thickness com- 
bination of the double uncoupled layers is when both 
layers are of the same thickness. 
[0061] FIG. 19 is a diagram showing the effective 
10 thickness dependence of the change in isolated wave 
medium SNR. In FIG. 19, the ordinate indicates the 
change A Siso/Nm (dB) of the isolated wave medium 
SNR Siso/Nm, and the abscissa indicates the effective 
thickness (nm) of the ferromagnetic layers. In FIG. 19, 
is the same symbols ♦, ■ and A are used to indicate the 
data of the three different magnetic recording media as 
in FIG. 18. It may be seen from FIG. 19 that good iso- 
lated wave medium SNR Siso/Nm is especially ob- 
served for the magnetic recording medium having the 
20 two exchange-coupled ferromagnetic layers with low Mr 
5. Although the total thickness of the ferromagnetic lay- 
ers in this case becomes greater than that of the mag- 
netic recording medium having the single ferromagnetic 
layer, the read- write performance is hardly degraded, 
25 and in some cases even improved. 

[0062] The present inventors have also found that, 
when at least one of the ferromagnetic layers of the 
magnetic layer structure is made up of a plurality of fer- 
romagnetic layers which are in contact with each other 
30 and ferromagnetically coupled, a good performance is 
obtained especially when the lower ferromagnetic layer 
is Cr-rich such that the Cr content is 23 at% or greater, 
and the Cr content of the upper ferromagnetic layer is 
less. This indicates the crucial role of the lower ferro- 
35 magnetic layer. According to the experiments conduct- 
ed by the present inventors, it was found that the noise 
arising from imperfections in the lower ferromagnetic 
layer is effectively reduced due to cancellation from the 
succeeding ferromagnetic layers. In other words, it may 
40 be regarded that the lower layers form a large source of 
noise, but this embodiment can improve the SNR be- 
cause the signals from the lower layers are cancelled 
such that most of the signals and thus also noise come 
from the upper layers. 
45 [0063] Next, the prior art will be briefly summarized 
before explaining features of the present invention in 
conjunction with FIGS. 20 through 23. 
[0064] Due to the development of the information 
processing technology, there are increased demands 
50 for high-density magnetic recording media. Character- 
istics required of the magnetic recording media to satisfy 
such demands include low noise, high coercivity, high 
remanence magnetization, and high resolution. 
[0065] Conventionally, various measures have been 
55 proposed to reduce the noise in the magnetic recording 
media. A general magnetic recording medium basically 
includes a non-magnetic substrate made of Al or the 
like, and an underlayer, a magnetic recording layer, a 
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protection layer and a lubricant layer which are stacked 
in this order on the substrate. For example, with respect 
to the underlayer, functions such as promoting the in- 
plane orientation of the magnetic recording layer and in- 
creasing the remanence magnetization and thermal sta- 
bility of written bits are demanded, in order to improve 
the magnetization characteristic of the magnetic record- 
ing layer. When a suitable underlayer is used, it is pos- 
sible to reduce the thickness of the magnetic recording 
layer or, to reduce the size of the magnetic grains and 
the grain size distribution width of the magnetic record- 
ing layer, thereby enabling noise reduction. 
[0066] In addition, there are proposals to increase the 
resolution by reducing the thickness of the magnetic lay- 
er or, to reduce the transition width between the written 
bits. There are also proposals to promote the Cr segre- 
gation of the CoCr-based alloy which forms the magnet- 
ic recording layer, so as to reduce the exchange cou- 
pling among the magnetic grains. These proposals have 
been made to reduce noise from various aspects. 
[0067] As one technique which is effective in reducing 
noise, there is a proposal to employ a multi-layer struc- 
ture for the magnetic recording layer, by separating the 
magnetic recording layer into upper and lower portions 
by a separation layer. By employing the multi -layer 
structure with the separation layer for the magnetic re- 
cording layer, it is possible to separate the magnetic 
coupling of the magnetic layers, and to positively reduce 
the noise. 

[0068] However, in the magnetic recording layer hav- 
ing the multi-layer structure, a non-magnetic material 
such as CoCr-based alloys and Cr-based alloys are 
used for the separation layer. However, such non-mag- 
netic materials easily mix with the magnetic layers which 
are provide above and below, thereby deteriorating the 
magnetic characteristics of the magnetic recording lay- 
er, and there was a problem in that the reproduced out- 
put obtained from such a magnetic recording medium is 
deteriorated thereby. Furthermore, the non-magnetic 
materials such as the CoCr-based alloys and Cr-based 
alloys virtually separate completely the magnetic cou- 
pling of the magnetic layers provided above and below. 
Hence, although such non-magnetic materials are pref- 
erable from the point of reducing the noise, the magnetic 
layers provided above and below become thermally un- 
stable as a results. Consequently, in the case of a mag- 
netic recording medium such as a magnetic disk which 
may be used under a relatively high temperature envi- 
ronment, there was a problem in that the detection sen- 
sitivity of written bits deteriorates due to the provision of 
such a separation layer. 

[0069] According to an embodiment of a magnetic re- 
cording medium according to the present invention, 
which has a magnetic recording layer with a multi-layer 
structure, the noise can be reduced while maintaining 
the desired thermal stability and magnetic characteris- 
tics. 

[0070] In the first and second examples discussed 



previous the magnetic recording medium comprises at 
least one exchange layer structure, and a magnetic lay- 
er provided on the exchange layer structure, wherein the 
exchange layer structure includes a ferromagnetic- lay- 

5 er and a non-magnetic coupling layer provided on the 
ferromagnetic layer and under the magnetic layer, and 
the magnetization directions of the ferromagnetic layer 
and the magnetic layer are mutually antiparallel. 
[0071] In the first and second examples, for a partic- 

10 ular Ru or Ir layer thickness between two ferromagnetic 
layers, the magnetizations can be made parallel or an- 
tiparallel. For example, for a structure made up of two 
ferromagnetic layers of different thickness with antipar- 
allel magnetizations, the effective grain size of a mag- 

15 netic recording medium can be increased without sig- 
nificantly affecting the resolution. A signal amplitude re- 
produced from such a magnetic recording medium is re- 
duced due to the opposite magnetizations, but this can 
be rectified by adding another layer of appropriate thick- 

20 ness and magnetization direction, under the laminated 
magnetic layer structure, to thereby cancel the effect of 
one of the layers. As a result, it is possible to increase 
the signal amplitude reproduced from the magnetic re- 
cording medium, and to also increase the effective grain 

25 volume. Thermally stable written bits can therefore be 
realized. 

[0072] The first and second examples increase the 
thermal stability of written bits by exchange coupling the 
magnetic layer to another ferromagnetic layer with an 

30 opposite magnetization or by a laminated ferrimagnetic 
structure. The ferromagnetic layer or the laminated fer- 
rimagnetic structure is made up of exchange-decoupled 
grains as the magnetic layer. In other words, the first 
and second embodiments use an exchange pinning fer- 

35 romagnetic layer or a ferrimagnetic multilayer to im- 
prove the thermal stability performance of the magnetic 
recording medium. 

[0073] In the embodiment of the present invention de- 
scribed hereunder, the above findings associated with 

40 the first and second examples are effectively utilized, by 
noting that the magnetization directions of the two fer- 
romagnetic layers become mutually parallel when the 
layer made of Ru or the like provided between the two 
ferromagnetic layer has a specific thickness. According- 

45 |y f the embodiment also employs a layer structure sim- 
ilar to the basic layer structure of the first and second 
examples . The magnetic layer, the non-magnetic cou- 
pling layer and the ferromagnetic layer of the first and 
second examples respectively correspond to the (first) 

so magnetic recording layer, the non-magnetic separation 
layer and the (second) magnetic recording layer of the 
present embodiment, but the functions of the layers of 
the present embodiment differ from those of the first and 
second examples. 

55 [0074] The basic structure of the present embodiment 
of a magnetic recording medium according to the 
present invention includes a non-magnetic substrate, an 
underlayer, a magnetic recording layer, a protection lay- 
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er and a lubricant layer which are stacked in this order, 
similarly to the conventional magnetic recording medi- 
um, but the magnetic recording layer has a multi-layer 
structure. 

[0075] FIG. 20 is a cross sectional view showing an 
important part of this embodiment of the magnetic re- 
cording medium according to the present invention. A 
magnetic recording medium 30 includes a non-magnet- 
ic substrate 31 , aNiP layer 32, an underlayer33, a non- 
magnetic intermediate layer 34, a second magnetic re- 
cording layer 35, a non-magnetic separation layer 36, a 
first magnetic recording layer 37 : a protection layer 38, 
and a lubricant layer 39 which are stacked in this order 
as shown in FIG. 20. 

[0076] A magnetic recording layer of this magnetic re- 
cording medium 30 has a 3-layer structure, including the 
second magnetic recording layer 35, the non-magnetic 
separation layer 36 and the first magnetic recording lay- 
er 37. As will be described later, the upper first magnetic 
recording layer 37 and the lower second magnetic re- 
cording layer 35 are magnetically coupled via the non- 
magnetic separation layer 36, and magnetization direc- 
tions of the first and second magnetic recording layers 
37 and 35 are parallel (in the same direction). When the 
magnetic recording medium 30 is formed as a magnetic 
disk and signals are recorded thereon by a magnetic 
head, the first and second magnetic recording layers 37 
and 35 which are in the above described relationship 
are fixed along the recording magnetization while main- 
taining the mutually parallel state. The magnetization 
states of the first and second magnetic recording layers 
37 and 35 are read at the time of the signal reproduction. 
[0077] Because the first and second magnetic record- 
ing layers 37 and 35 are separated by the non-magnetic 
separation layer 36, low noise is realized by the effects 
of magnetic separation. However, unlike the conven- 
tional non-magnetic separation layer made of CoCr- 
based alloys or Cr-based alloys, a magnetic coupling 
which is sufficient to maintain the mutually parallel mag- 
netization states of the first and second magnetic re- 
cording layers 37 and 35 exists in the case of this em- 
bodiment. As a result, the thermal stability is improved, 
and the reliability of the magnetic recording medium 30 
is improved over the conventional magnetic medium 
since the magnetic characteristics desired of the mag- 
netic recording layer can be maintained in this embodi- 
ment even under a relatively high temperature environ- 
ment. 

[0078] In the magnetic recording layer having the mul- 
ti-layer structure, two or more non-magnetic separation 
layers may be provided. For example, when providing 
two non-magnetic separation layers, the magnetic re- 
cording layer is formed by first, second and third mag- 
netic recording layers, and a first non-magnetic separa- 
tion layer is interposed between the first and second 
magnetic recording layers, while a second non-magnet- 
ic separation layer is interposed between the second 
and third magnetic recording layers. 



[0079] Returning now to the description of the mag- 
netic recording medium 30 shown in FIG. 20, the non- 
magnetic substrate 31 is made of a non-magnetic ma- 
terial such as Al, Al alloy and glass. The non-magnetic 
5 substrate 31 may or may not be mechanically textured. 
[0080] The NiP layer 32 is made of NiP, but may be 
replaced by a layer made of a material such as NiAl and 
FeAl having the B2 structure. The NiP layer 32 may or 
may not be mechanically textured. In the case where 
10 the magnetic recording medium 30 is a magnetic disk 
and the mechanical texturing is to be made, the non- 
magnetic substrate 31 and the NiP layer 32 are mechan- 
ically textured in the circumferential direction of the mag- 
netic disk, that is, in a direction in which a track on the 
15 magnetic disk is formed. 

[0081] The underlayer 33 is made of at least one layer 
of a Cr-based alloy. For example, the underlayer 33 may 
be made of a Cr-M alloy, where M = Mo, Fe, Mn, Ti, V, 
W or alloys thereof. 
20 [0082] The non-magnetic intermediate layer 34 is pro- 
vided to promote the epitaxial growth of the first and sec- 
ond magnetic recording layers 37 and 35, reduction of 
the grain size distribution width, and orientation of the 
anisotropy axes (axis of easy magnetization) of the 
25 magnetic recording layer in a plane parallel to the re- 
cording surface of the magnetic recording medium 30. 
The non-magnetic intermediate layer 34 is made of a 
CoCr-M alloy having the hep structure, where M - B, 
Mn, Mo, Nb, Ta, Ti, W or alloys thereof, and has a thick- 
30 ness in a range of approximately 1 to 5 nm. It is not es- 
sential to provide the non-magnetic intermediate layer 
34, and it is possible to omit the non-magnetic interme- 
diate layer 34. 

[0083] The second magnetic recording layer 35 is 
made of a material such as Co, Ni, Fe, Co-based alloys, 
Ni-based alloys and Fe-based alloys, In other words, Co 
and Co-based alloys including CoCrTa. CoCrPt and 
CoCrPt-M may be used for the second magnetic record- 
ing layer 35, where M = B, Mo, Nb, Ta, W or alloys there- 
of. Preferably, the second magnetic recording layer 35 
has a thickness in a range of approximately 2 to 1 0 nm. 
[0084] The non-magnetic separation layer 36 is made 
of a material such as Ru, Rh, Ir and alloys thereof. When 
using Ru for the non-magnetic separation layer 36, the 
thickness of the non-magnetic separation layer 36 is 
preferably set in a range of approximately 0.2 to 0.4 nm 
or approximately 1 .0 to 1 .7 nm. By setting the thickness 
of the non-magnetic separation layer 36 tosuch a range, 
it is possible to set the magnetization directions of the 
second magnetic recording layer 35 and the first mag- 
netic recording layer 37 to become mutually parallel. 
[0085] The first magnetic recording layer 37 may be 
made of a material such as Co, and Co-based alloys 
including CoCrTa, CoCrPt and CoCrPt-M, similarly to 
the second magnetic recording-layer 35, where M = B, 
Mo, Nb : Ta, W or alloys thereof. Preferably, the first mag- 
netic recording layer 37 has a thickness in a range of 
approximately 5 to 30 nm. The first magnetic recording 



40 



45 



50 



55 



JNSDOCID: <EP 1 302931 Al_l_> 



19 



EP 1 302 931 A1 



20 



layer 37 is not limited to a single-layer structure, and the 
first magnetic recording layer 37 itself may have a multi- 
layer structure. 

[0086] The materials forming the first and second 
magnetic recording layers 37 and 35 may be the same 
or, may be mutually different. 

[0087] The protection layer 38 is made of a C-based 
material, for example. In addition, the lubricant layer 39 
is made of an organic lubricant agent to enable use of 
the magnetic recording medium 30 with a magnetic 
transducer such as a spin valve head. The protection 
layer 38 and the lubricant layer 39 form a protection lay- 
er structure of the magnetic recording medium 30. 
[0088] The layer structure of an embodiment of the 
magnetic recording medium according to the present in- 
vention is of course not limited to that shown in FIG. 20. 
For example, the underlayer 33 may be made of Cr or 
a Cr-based alloy, and formed to a thickness in a range 
of approximately 5 to 40 nm. The second magnetic re- 
cording layer 35 may be provided on such an underlayer 
33. 

[0089] Next, a description will be given of a method of 
producing the magnetic recording medium 30. The lay- 
ers formed on the substrate 31 of the magnetic record- 
ing medium 30, from the underlayer 33 up to the protec- 
tion layer 38, may be formed by sputtering. 
[0090] For example, after cleaning the NiP-pIated Al 
substrate 31 which has a thickness of 0.8 mm and a di- 
ameter of 3.5 inches, a magnetron sputtering apparatus 
is used to heat the Al substrate 31 to a substrate tem- 
perature of 220°C, and the layers from the underlayer 
33 up to the protection layer 38 are successively formed 
by sputtering. The NiP layer on the A! substrate 31 may 
be oxidized or mechanically textured. The sputtering is 
carried out at a pressure of 5 mTorr and a constant sput- 
tering time of 4 seconds. The underlayer 33 is formed 
to a thickness of 10 nm by sputtering a material 
Cr 95 Mo 2 5 W 2 .5 to a thickness of 3 nm, and sputtering a 
material Cr 80 Mo 10 W 10 to a thickness of 7 nm. The non- 
magnetic intermediate layer 34 is formed to a thickness 
of 3 nm by sputtering a material Co^C^y. The second 
magnetic recording layer 35 is formed to a thickness of 
9.5 nm by sputtering a material Co 63 Cr 2 2Pt 1 iB 4 . The 
non-magnetic separation layer 36 is formed to a thick- 
ness selected within a range of 0.2 to 0.4 nm or 1 .0 to 
1 .7 nm by sputtering Ru. The first magnetic recording 
layer 37 is formed to a thickness of 9.5 nm by sputtering 
a material Co 63 Cr 2 2Pt 11 B 4 . Furthermore, the protection 
layer 38 is formed by sputtering a C-based material, and 
the lubricant layer 39 is formed by coating an organic 
lubricant agent on the protection layer 38. 
[0091] FIG. 21 is a diagram showing the relationship 
of a ratio Siso/Nm of the isolated wave output (Siso) and 
medium noise (Nm) of this embodiment of the magnetic 
recording medium 30 which is produced as described 
above and the thickness of the Ru non-magnetic sepa- 
ration layer 36. The ratio Siso/Nm is a ratio of the iso- 
lated wave output Siso at 270 kFCI and the medium 



noise Nm. It was confirmed from FIG. 21 that the noise 
is reduced, since the value of the ratio Siso/Nm increas- 
es as the thickness of the non-magnetic separation layer 
36 increases. 

5 [0092] As described above, when Ru is used for the 
non-magnetic separation layer 36, the magnetization di- 
rections of the first and second magnetic layers 37 and 
35 disposed above and below the non-magnetic sepa- 
ration layer 36 become mutually parallel or mutually an- 
10 tiparallel depending on the thickness of the non-mag- 
netic separation layer 36. In this embodiment, the mag- 
netizations of the first and second magnetic recording 
layers 37 and 35 becomes mutually parallel by setting 
the thickness of the non-magnetic separation layer 36 
15 to approximately 0.4 nm or less or approximately 1 .0 nm 
or greater. 

[0093] FIG. 22 is a diagram showing the relationship 
of a thickness ratio of first and second magnetic record- 
ing layers 37 and 35 and the ratio Siso/Nm of the isolat- 
ed wave output (Siso) and medium noise (Nm), for a 
case where the same material Co 63 Cr 2 2Pt 11 B 4 is used 
for the first and second magnetic recording layers 37 
and 35. in FIG. 22, the abscissa indicates a thickness 
ratio (thickness of the first magnetic recording layer 37) 
/{(thickness of the first magnetic recording layer 37)+ 
(thickness of the second magnetic recording layer 35)}. 
It was confirmed from FIG. 22 that a high ratio Siso/Nm 
can be obtained when the thickness ratio is in a range 
of approximately 0.5 to 0.7. 

[0094] FIG. 23 is a diagram showing the relationship 
of the thickness ratio of the first and second magnetic 
recording layers 37 and 35 and a ratio S/Nt of an output 
(S) and noise (Nt). In FIG. 32, the abscissa is the same 
as that of FIG. 11 . It was confirmed from FIG. 23 that a 
high ratio S/Nt can also be obtained when the thickness 
ratio is in a range of approximately 0.5 to 0.7. 
[0095] From FIGS. 22 and 23, it was confirmed that 
the noise reducing effect is further improved when a 
thickness ratio of the thickness of the first magnetic re- 
cording layer 37 to the thickness of the second magnetic 
recording layer 35 is in a range of approximately 5:5 to 
7:3. The thickness ratio is desirably set close to 5:5 from 
the point of view of realizing low noise, and is desirably 
set close to 7:3 from the point of view of realizing high 
resolution. 

[0096] Therefore, according to the present invention, 
a non-magnetic separation layer which is made of Ru 
or the like and has a predetermined thickness maintains 
the magnetic coupling of magnetic recording layers 
above and below the non-magnetic separation layer to 
a mutually parallel state. Hence, it is possible to realize 
a magnetic recording medium having low noise and de- 
sired thermal stability. Compared to the conventional 
magnetic recording medium, this magnetic recording 
medium has a high reliability and is suited for high-den- 
sity recording. 

[0097] In addition, a magnetic storage apparatus 
which uses such a magnetic recording medium can 
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cope with the demands of high-density recording, and 
enable magnetic recording and reproduction of informa- 
tion with a high sensitivity. 



Claims 

1 . A magnetic recording medium (30) comprising: 

a substrate (31); 10 
an underlayer (33) disposed above the sub- 
strate; and 

a magnetic recording layer (37, 35) disposed 
above the underlayer (33); 



characterized in that: 



75 



said magnetic recording layer (37, 35) has a 
multi-layer structure which is separated into at 
least upper (37) and lower (35) layers by a non- 20 
magnetic separation layer (36); 
said non-magnetic separation layer (36) is 
made of a material selected from a group con- 
sisting of Ru, Rh, Ir and alloys thereof; and 
the upper (37) and lower (35) layers of the mul- 25 
ti-layer structure (37, 35) separated by the non- 
magnetic separation layer (36) have magneti- 
zation directions which are mutually parallel. 

The magnetic recording medium as claimed in claim 30 
1 , wherein said non-magnetic separation layer (36) 
has a thickness in a range of approximately 0.2 to 
0.4 nm or approximately 1 .0 to 1 .7nm. 

The magnetic recording medium as claimed in claim 35 
1 or 2, wherein said magnetic recording layer (37, 
35) is separated into an upper first magnetic record- 
ing layer (37) and a lower second magnetic record- 
ing layer (35) by said non-magnetic separation layer 
(36), and a thickness ratio of a thickness of the first 40 
magnetic recording layer (37) to a thickness of the 
second magnetic recording layer (35) is in a range 
of approximately 5:5 to 7:3 when the first and sec- 
ond magnetic recording layers (37, 35) are made of 
the same magnetic material. 45 
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